A novel backward wave oscillator (BWO) is presented by utilizing a slotted sine waveguide with a pencil electron beam to produce the high power terahertz wave. The high frequency characteristics including dispersion properties, interaction impedances, and transmission characteristics of the slotted sine waveguide are analyzed in detail. The high frequency system including the output coupler, slow wave structure (SWS), and reflector are designed properly. A 3-D particle-in-cell mode is applied to predict the device performance of the BWO based on the novel SWS. The investigation results demonstrate that this device can generate over 8. 
I. INTRODUCTION
Recently, terahertz (defined as 0.1-10 THz) science and technology has attracted a lot of interests owing to the potential applications in imaging, medical and biological sensing, diagnostics systems, communications, and so on.
1-4 Some methods, such as solid-state source 5 or quantum cascade laser, 6 have been suggested as the radiation source in terahertz frequency band. However, they have some limitations due to low output power and cryogenic cooling. Fortunately, the backward wave oscillator (BWO) which is one of the most widespread vacuum electronic devices (VEDs) can produce high output power in the terahertz region.
As a significant part of the BWO, the slow wave structure (SWS) largely determines the device performance. In order to improve the device performance, some investigation results of the BWOs based upon various SWSs have been obtained in recent years. For instance, a tunable BWO based on the corrugated rectangular waveguide has been studied, and the particle in cell (PIC) simulation results predict that the output power of the BWO is over 100 mW in the frequency range of 0.9-1.1 THz. 7 In addition, a 0.65 THz folded waveguide BWO is reported with 52 mW output power. 8 Especially, a novel sine waveguide BWO is proposed to produce the watt-class peak output power from 0.98 THz to 1.02 THz. 9 Since the sine waveguide possesses the excellent transmission characteristic, it is considered as a promising SWS for the sheet beam terahertz BWO. However, the sheet electron beam technology is relatively difficult for terahertz VEDs. In fact, the high-quality pencil electron beam can be generated by the reliable Pierce gun. Meanwhile, the pencil electron beam can be well focused by the conventional magnetic focusing system. Therefore, a modified sine waveguide SWS which is suitable for the pencil electron beam operation is put forward to develop the terahertz VEDs.
In this paper, the high frequency characteristics of the slotted sine waveguide including the dispersion properties, interaction impedances, and transmission characteristics will be analyzed by the simulation method. Then, the whole high frequency system including output coupler, main SWS, and reflector will be built up for the novel BWO. Moreover, the beam-wave interaction physical process of the slotted sine waveguide BWO will be simulated to predict the device performance. Finally, the design of a 0.38 THz slotted sine waveguide BWO will be discussed.
II. PROPERTIES OF SLOTTED SINE WAVEGUIDE SWS
The 3-D model and dimension parameters of a slotted sine waveguide SWS are shown in Fig. 1 . As can be seen, the cylindrical tunnel intersects the conventional sine waveguide, and a pencil electron beam can pass through the tunnel conveniently. Where a is the wide side length, b is the narrow side length, p is the pitch of the SWS, h is the oscillating amplitude, h b is the height of the natural beam tunnel, and R is the radius of the cylindrical tunnel.
The high frequency characteristics including dispersion properties and interaction impedances can be analyzed by the 3D electromagnetic simulation software Ansoft HFSS. 10 The dimension parameters for the 0.38 THz slotted sine waveguide BWO have been optimized and listed in Table I . Based on these dimension parameters, the dispersion curves and the average interaction impedance curves can be obtained. Fig. 2 shows the dispersion property and interaction impedance comparisons between the slotted sine waveguide SWS and the sine waveguide SWS. Here, the interaction impedances are computed as the average of the values on the boundary of the pencil beam cross section, and the radius of the pencil electron beam is R b ¼ 40 lm. In addition, the height h b of the beam tunnel of the sine waveguide SWS and the diameter d (d ¼ 2R) of the pencil beam tunnel of the slotted sine waveguide SWS are set to be equal in the comparisons.
As can be seen from Fig. 2 , the cold bandwidth of the sine waveguide SWS is broader than that of the slotted sine waveguide SWS. Nevertheless, the average interaction impedances of the slotted sine waveguide SWS are much larger than the sine waveguide SWS over the working frequency band. Especially, the average interaction impedance of the slotted sine waveguide SWS at 0.38 THz is about four times that of the sine waveguide SWS. The obvious enlargement of the average interaction impedances of the modified SWS indicates that the coupling strength between the electron beam and the surface wave can be improved substantially. Therefore, the starting oscillation condition of the BWO based on the slotted sine waveguide SWS should be satisfied more easily than the conventional sine waveguide SWS. [11] [12] [13] [14] [15] [16] [17] The transmission loss of SWS is also the important factor for the terahertz VEDs. Fig. 3 shows that the transmission characteristic calculation model which comprises 30 periods of the main section and both five periods of the tapered section is built up in CST MWS. 18 The material of the SWS is set as the oxygen-free high-conductivity copper, and the conductivity is 5.8 Â 10 7 S/m (Ref. 19 ) without considering the surface roughness. In the realistic situation, the effective conductivity should be reduced properly due to the practical condition. In the simulation of a G-band TWT, the copper conductivity is set as 2.2 Â 10 7 S/m; 20 therefore for the higher operating frequency band (from 0.35 to 0.4 THz), the lower conductivity of 2.0 Â 10 7 S/m should be an appropriate estimation. From Fig. 4 , it can be seen that the transmission losses S 21 > À2.1 dB and the reflection S 11 < À15 dB over the operating frequency band (from 0.35 to 0.4 THz) after the transmission characteristic calculation. In detail, the slotted sine waveguide SWS possesses a little loss of 0.0246 dB/ period at 0.38 THz. Hence, it is very suitable for the terahertz BWO.
III. BACKWARD WAVE OSCILLATOR PERFORMANCE
A 0.38 THz slotted sine waveguide BWO based on the above dimension parameters is designed and computed in this section. In the relativistic terahertz devices, a Bragg reflector is used to reflect the signal. 21 By using this mode, a reflector which takes the place of the previous tapered section is adopted to shorten the distance from the electron gun to the main SWS. In our design, a section of the slotted sine waveguide is used as the novel reflector to reflect the signal. At the first step of the reflector design, the dimensions of the preliminary reflector are the same as those of the main SWS, just as shown in the inset of Fig. 5(a) . From Fig. 5(a) , the simulation results are that the reflection parameter S 11 is less than À5 dB within the operating frequency band, and they indicate that the electromagnetic waves cannot be reflected well by this preliminary reflector. Then, a useful method to optimize the reflection performance of the novel reflector is 2016) to increase the wide side length a appropriately, and the optimization objective is to keep the electromagnetic waves reflected perfectly. After the optimization process, the wide side length a ¼ 1100 lm of the reflector is selected. Fig. 5(b) shows the reflection parameter S 11 is close to zero. The results indicate that the optimized reflector possesses the quite good reflection performance within the operating frequency band. Fig. 6 presents the original BWO model including a reflector, the main SWS, the tapered section at the tube end, and the output coupler is built up in CST MWS. The RF output of the BWO leaves the slow wave circuit by means of a rectangular waveguide bent on the E-plane, and the spent electron beam leaves the SWS through a cylindrical tunnel which intersects the rectangular waveguide at the E-plane bend in the rectangular waveguide. Port 1 is the monitored signal port on the reflector near the electron gun. Port 2 is the signal output port and Port 3 is on the beam tunnel near the collector. The RF transmission parameters of the BWO model are given in Fig. 7 . In the frequency range of 0.35-0.4 THz, the signal is almost reflected in Port 1 and the transmission parameter S 21 is less than À70 dB. The S 31 is less than À150 dB, which indicates that the electron beam and electromagnetic wave can be well separated at the end of the high frequency system.
To investigate the signal generation performance of the slotted sine waveguide BWO, the 3-D PIC model has been built up in CST-PS. 22 During the simulation process, a method by increasing the beam current step by step is used for searching the accurate starting oscillation current. By a large number of simulations, the accurate starting oscillation current of the BWO is 23 mA when the pencil beam voltage is V 0 ¼ 24 kV. In the following simulations, a 24 kV, 30 mA pencil electron beam with a uniform energy distribution across the beam cross section from a perfect electric conductor is adopted. Then, a focusing uniform magnetic field of 0.6 T (about twice the Brillouin magnetic field) is adequate for the proper beam confinement. Besides, a large number of particles (401787) and meshes (700128) are used to obtain 
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Phys. Plasmas 23, 033111 (2016) the convergent results. Under these conditions, a specific frequency signal should be generated in Port 2. Subsequently, the beam-wave interaction physical process of the BWO has been simulated in CST PS. The typical interaction simulation results are presented in Figs. 8-10 . As can be observed in Fig. 8 , the accelerating electrons and retarding electrons are periodically arranged along the beam axis since the beam-wave interaction in the SWS has caused periodic acceleration and deceleration of the electrons. This physical phenomenon is electron beam bunching, and it is very typical in the O-type VEDs. Fig. 9 displays the electron energy as a function of the longitudinal position. Obviously, the majorities of electrons lose their kinetic energy which is converted to the output electromagnetic wave power. Fig. 10 shows the monitored signal power versus time at the output port. The output power is up to 10.81 W after 9.6 ns interaction, and the precise operating frequency is 372.95 GHz. From the inset of Fig. 10 , it is clear that the output signal is stable and the frequency spectrum is very pure. Besides, the starting oscillation current of the BWO without reflector is 24 mA by the above searching method. The results indicate that the starting oscillation current is lowered by about 4.2% with the addition of the novel reflector section when the beam voltage is 24 kV.
In order to predict the tuning performance of this BWO, the different electron beam voltages (V 0 ¼ 20, 22, 26, 28, 30 , and 32 kV) are also used. The pencil electron beam current and the focusing magnetic field are fixed at the original values. The output power and interaction efficiency as the function of the oscillation frequency can be obtained, as given in Fig. 11 . It shows that the slotted sine waveguide BWO can produce over 8.05 W from 363.4 GHz to 383.8 GHz. Meanwhile, the maximum output power can reach 20.1 W corresponding to an interaction efficiency of 2.09% at 383.8 GHz. In addition, an alternative way to predict the performance of the BWO is to assume the fixed beam perveance. As shown in Fig. 12 , the output power of the BWO under the fixed beam perveance condition is more than 6.69 W in the frequency range of 368. 8- 
IV. DISCUSSION AND CONCLUSION
As a novel terahertz radiation source, the slotted sine waveguide BWO shows a great potential because of its high output power and wide-bandwidth. However, there are some practical issues that need to be discussed. First, the current density electron beam which is used in the design is close to 600 A/cm 2 , and it looks like a little high for the realistic device. Fortunately, the higher current density electron beam can be generated by either using a high current density field emission, 23 or a pseudospark-sourced cathode, 24 or compressing electrons from a lower current density thermionic cathode. 25 Coincidently, a Pierce gun with 30 mA current and 40 lm beam radius has been designed by Liu et al. 26 Thus, the high current density pencil beam is reasonable. Second, the peak electric field strength when this device operates with the 32 kV beam voltage is about 2 Â 10 6 V/m, and it does not exceed the breakdown electric field strength (0.5-3 Â 10 7 V/m) in the vacuum. 27 Nevertheless, the high machining precision should be ensured to refrain from the electric field strength breakdown risk in the fabrication process.
In conclusion, a modified SWS called slotted sine waveguide is proposed for the terahertz radiation source. The average interaction impedances of the modified SWS are much larger than the conventional sine waveguide SWS, and the slotted sine waveguide SWS is preferable to the pencil beam operation by slotting the cylindrical tunnel. More importantly, the novel BWO model based on the SWS has been built up to predict the device performance. The simulation results indicate that the slotted sine waveguide BWO can produce over 8.05 W output power from 363.4 GHz to 383.8 GHz. Consequently, this novel BWO should have a lot of potential as the high power and widebandwidth radiation source in the terahertz applications. 
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